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Abstract 
Inertial microfluidics can separate microparticles in a continuous and high-throughput manner, and is very 
promising for a wide range of industrial, biomedical and clinical applications. However, most of the proposed 
inertial microfluidic devices only work effectively at a limited and narrow flow rate range because the 
performance of inertial particle focusing and separation is normally very sensitive to the flow rate (Reynolds 
number). In this work, an innovative particle separation method is proposed and developed by taking advantage 
of the secondary flow and particle inertial lift force in a straight channel (AR=0.2) with arc-shaped groove 
arrays patterned on the channel top surface. Through the simulation results achieved, it can be found that a 
secondary flow is induced within the cross-section of the microchannel and guides different-size particles to the 
corresponding equilibrium positions. On the other hand, the effects of the particle size, flow rate and particle 
concentration on particle focusing and separation quality were experimentally investigated. In the experiments, 
the performance of particle focusing, however, was found relatively insensitive to the variation of flow rate. 
According to this, a separation of 4.8 µm and 13 µm particle suspensions was designed and successfully 
achieved in the proposed microchannel, and the results show that a qualified particle separation can be achieved 
at a wide range of flow rate. This flow rate-insensitive microfluidic separation and filtration method is able to 
potentially serve as a reliable biosample preparation processing step for downstream bioassays. 
  
1 Introduction 
Microfluidic technology has been popular and attracted a wide attention because of its potential applications in 
the fields of disease diagnostics and biological assays (Adams et al. 2008; Hoshino et al. 2011; Nagrath et al. 
2007). Separation or filtration of target microparticles from a mixture based on the particle physical and 
biological characteristics is one of the most essential requirements in many biomedical applications, such as 
blood preparation (Lee et al. 2011a) and circulating tumor cells (CTCs) isolation (Lee et al. 2013). Compared 
with the conventional separation techniques, such as differential centrifugation and physical filter, the 
microfluidic technique could be a simpler and more efficient method, which avoids the destruction of cell 
viability (Xie et al. 2010) due to a high acceleration and intensive labour to clean the filter. 
According to the principle utilised, microfluidic separation technologies can be categorized as either the 
active or passive microfluidic separation method. The active separation methods include the acoustophorestic 
(AP) (Shi et al. 2008), dielectrophorestic (DEP) (Çetin and Li 2011; Li et al. 2012), magnetophorestic (MP) (Liu 
et al. 2009) and fluorescent-activated separation method (Wang et al. 2005), which rely on external force fields 
as the source of manipulation force. In contrast, the passive separation methods depend entirely on the channel 
geometry and intrinsic hydrodynamic force for functionality, including the deterministic lateral displacement 
(DLD) (Huang et al. 2004; McGrath et al. 2014), pinched-flow fractionation (PFF) (Yamada et al. 2004), 
hydrophoresis (Choi et al. 2007; Choi et al. 2008) and inertial microfluidics (Di Carlo 2009; Zhang et al. 2016). 
The active separation method always has a better ability to control the target particle precisely and high 
separation efficiency. The intricate fabrication to introduce the external field and requirement of pre-treatment 
steps, however, can be the obstacle for their integration with downstream analysis and makes the operation of 
most active separation methods rather complex (Bhagat et al. 2010). Compared with the active separation 
method, the passive method always only requires a simple fabrication of device but has the high-throughput and 
easy-integration characteristics, which is able to be adopted in many biological assays (Amini et al. 2014). 
Inertial microfluidics relying on the particle inertial migration and secondary flow can provide qualified 
particle focusing and separation functionality in a high-throughput manner (Di Carlo 2009). Meanwhile, inertial 
microfluidics is label-free, which can avoid the potential damage on target bioparticles by labelling (Hur et al. 
2012). In the regime of inertial microfluidics, the secondary flow is always employed to facilitate the inertial 
focusing and separation. The performance of inertial microfluidic separation method can benefit from the 
secondary flow to: (1) eliminate the limitations of channel’s cross-section shape; (2) reduce the requirement of 
long length of channel for particle migration; (3) improve the separation efficiency and (4) enhance the 
applicability of inertial microfluidics for different applications. 
Due to the benefits of employing secondary flow into inertial focusing and separation, a controllable 
secondary flow has been investigated and exploited extensively and deeply in many inertial microfluidic devices. 
Spiral (Kuntaegowdanahalli et al. 2009), serpentine (Zhang et al. 2014b) and expansion-contraction structures 
(Lee et al. 2011a) which can induce counter-rotating secondary flow have been studied to separate 
microparticles by inertial microfluidics. Bhagat at el. employed the spiral microchannel taking advantage of the 
dean flow and particle inertial migration to achieve effective separation at the Reynolds number ~5 (the 
corresponding flow rate was 10 µl/min) (Bhagat et al. 2008). Meanwhile, Park et al. reported a separation of 
polystyrene beads of 4 µm and 10 µm using a contraction-expansion array (CEA) channel at the flow rate of 
~242 µl/min. Working together with the inertial lift force, the Dean-like secondary flow induced by the CEA 
structure guides the large particle to the CEA side, while the small one shifts towards the opposite side through 
the Dean flow (Lee et al. 2011b). Our group has also developed a continuous separation method using a 
serpentine channel. A high efficient separation of both large and small polystyrene beads as well as neuron and 
glial cells can be achieved at the flow rate between 550 µl/min to 600 µl/min (Jin et al. 2016). However, in these 
works, the separation performance is highly affected by the flow rate applied and the available working range is 
very limited, which requires a precise control of the input flow rate and significantly hinders the on-chip 
integration with downstream assays.  
This paper presents a flow rate-insensitive particle separation and filtration method using a straight channel 
(AR=0.2) with arc-shaped groove arrays. The arc-shaped groove structure induces a secondary flow vortex, 
which guides different-size particles into the differential equilibrium positions in order to achieve an effective 
particle separation by size. The development of the secondary flow vortex induced by the groove structure is 
investigated numerically, which is critical for the distribution of the microparticles. Besides, effects of the 
particle size, flow rate and particle concentration on the focusing and separation performance of microparticles 
in the proposed microchannel are investigated experimentally. Finally, according to the focusing properties of 
different-size particles in the microchannel, a separation of 13 µm and 4.8 µm particles is successfully 
demonstrated using the proposed microchannel within a wide range of flow rates. This innovative separation 
and filtration method shows qualified performance with a wide range of available working flow rates, which is 
beneficial for the integration of microfluidic system. 
2 Theory 
2.1 Inertial lift force 
When particles travel in a straight channel at a moderate Reynolds number, the inertia of particles and fluids will 
cause a particle lateral migration (Segre 1961; Segre and Silberberg 1962). The reason of particle migration has 
been recognised as the counteraction of two primary inertial effects: (1) the shear gradient lift force 𝐹Ls and (2) 
the wall lift force 𝐹Lw (Zhang et al. 2016). 
The net inertial lift force 𝐹L exerting on a rigid microparticle can be expressed as below (Asmolov 1999): 
 𝐹L = 𝑓L𝜌𝚏𝛾2𝑎4 (1) 
Meanwhile, this expression can be simplified as: 
 𝐹L = 𝑓L𝜌𝚏𝑈2𝑎4/𝐻2 (2) 
 Re = 𝜌𝚏𝑈𝐻/𝜇 (3) 
 𝐻 = 2𝑤ℎ/(𝑤 + ℎ) (4) 
where 𝜌𝚏, 𝑈, 𝛾 and 𝜇 are the fluid density, maximum velocity, shear rate and dynamic viscosity, respectively. 𝑎 
is the microparticle diameter. 𝐻 is the hydraulic diameter of the channel (𝑤 is the width and ℎ is the height of 
the channel). The lift coefficient 𝑓L is a function of the lateral position of particles 𝑥 and the Reynolds number 
(Re).  
Due to the fabrication limitation of the standard photolithography and soft lithography, a majority of 
channels utilised in microfluidics have rectangular cross-sections. And the equilibrium position and particle 
migration are closely related with the variation of the channel’s cross-section aspect ratio (AR) (the ratio of 
channel height to channel width).  In a straight channel with the square cross-section (AR=height/width=1), 
particles are going to migrate to four equilibrium positions centred at the faces of the channel at a moderate 
Reynolds number (Choi et al. 2011). The four equilibrium positions, however, will gradually disappear as the 
aspect ratio decreases or increases, and it is found that particles tend to concentrate at two equilibrium positions 
centred at the two longer faces when aspect ratio reduces to 0.5 (Chung et al. 2013). Afterwards, the two 
equilibrium positions will spread out to two relatively wide bands paralleling with the longer faces when the 
aspect ratio continuously reduces to 0.2 (Zhang et al. 2014a). Under this situation, particles are still able to 
migrate to the longer faces due to the sharp velocity profile between two longer faces. The velocity profile 
between two shorter faces, however, becomes extremely blunted and the induced weak shear gradient lift force 
is not strong enough to repel particles away from the centre. 
2.2 Secondary flow 
Besides the inertial migration, secondary flow is another important role of inertial microfluidics and always 
generated through a curved channel or disturbance obstacle structure due to the mismatch of the fluid velocity 
between the centre and near-wall regions (Di Carlo 2009). The fluid near the centre of channel has a stronger 
momentum compared with the fluid near channel’s walls. The fluid, as a result, tends to flow outwards and drive 
the relatively stagnant fluid near the wall inside to the centre, forming a vortex circulation. For the suspending 
particles in the channel, a drag force of secondary flow (vortex) will exert on them and affect their distribution.  
At a low Reynolds number (typically in the microfluidic system), the drag force exerting on a small rigid 
sphere can be expressed as follows: 
 𝐹D = 6𝜋𝑎𝜇(𝑣𝚏 − 𝑣p) (5) 
where 𝑣𝚏 is the velocity of the fluid, and 𝑣p is the velocity of the particle (Gerlach 1998). 
2.3 Theory of differential inertial focusing in the microchannel with grooves 
Within the channel with arc-shaped groove arrays used in this work, a secondary flow can be induced because 
the fluid flow tends to be trapped in the expansion groove structure and generates large transverse pressure 
differences in the cross-sections. The particles, as a result, can be manipulated by the strong secondary flow. In 
this work, the ratio of the height of the groove structure and straight channel is set as ~1, which can ensure an 
enough strong secondary flow induced (Chung et al. 2013). 
The arc-shaped groove arrays on the top of the straight channel are composed of 50 same single groove 
structures. In order to simplify the computational fluid dynamics analysis, a simulation of the segment with one 
single characteristic arc-shaped groove structure was conducted by the finite element software (Figure 1). The 
simulation results are illustrated by five cross-section plots, which describe the variation process of the flow 
field at different positions of the microchannel. It can be seen that the velocity arrows (the black arrow in Figure 
1) are deflected by the influence of the arc-shaped groove and point to different directions, which means that the 
former stabilized flow field is disturbed and interfered by the groove structure. Taking five plots together, the 
arrows depict a complete secondary flow vortex within cross-sections and this secondary flow gradually shifts 
following the rotation direction of the vortex. As shown in Figure 1(a-e), it can be found that the horizontal 
components of velocity arrows in the straight channel part always point to the Y direction, while the arrows in 
the groove structure part point to the opposite direction (Hoshino et al.) (Hoshino et al.). This is because that the 
secondary flow vortex exists in both the straight channel and expansion groove structure, and forms a complete 
circulation, which means that there is only half of the vortex circulation in the straight channel while another 
half exists in the groove structure.  
Particles are initially located at two long band regions paralleling with long faces of the channel due to the 
inertial migration when travelling in the straight channel (AR=0.2). Then, when particles pass through the 
segment combined with the groove structure, the induced transverse secondary flow will guide particles in a 
horizontal and vertical displacement (depicted as the grey arrows in Figure 1) within cross-sections. Because the 
horizontal component of the flow field direction in the straight channel points to Y direction all the time, 
particles are going to be pushed to the Y direction as well (shown as the particle distribution in Figure 1 (a-e)). 
For different-size particles, the particle migration can be different because of the effect of the particle size. 
Large particles are guided by the secondary flow towards the Y direction and balanced with the inertial lift force 
near the channel sidewall. After travelling through the enough repetitive grooved structures, all large particles 
could be focused into a narrow area (nearly a line) near the sidewall. However, the inertial lift force on the small 
particle is much smaller and is hard to balance the secondary flow drag force. As a result, small particles are 
prone to follow the rotating streamline of secondary flow. And the only possible focusing position for small 
particles may be the core of vortex near the channel centre where the magnitude of secondary flow velocity is 
minimum. So it is expected that a large portion of small particles will be concentrated and focused near the 
channel centre when they travel through this area, which has been validated by the experimental results. 
However, it should be noted that a few of small particles may still be retained within the rotating streamlines 
and not able to be focused.  
At the same time, it can be seen that the whole secondary flow vortex is not symmetric and the flow field 
near the left wall region is more stable than other regions, because the size of the arrow which depicts the 
magnitude of the secondary flow is smaller compared with other regions. And the horizontal component of 
arrows is also much smaller near the interface between the straight channel and groove structure, which means 
that particles there almost receive a vertical drag force merely and this drag force can be balanced by the inertial 
lift force. As a result, both large and small size particles located at above regions can be more stabilized and the 
results of experiments even demonstrate that particles can be focused at these equilibrium positions at a wide 
range of flow rates. Due to differential focusing positions of large and small particles, separation or filtration of 
different-size particles can be achieved utilising this proposed microchannel with arc-shaped groove arrays. 
3 Materials and methods 
3.1 Design and fabrication of the microchannel 
The microchannel used in this work mainly consists of two parts, a straight channel (AR=0.2) with arc-shaped 
groove arrays, which guides the particle distribution, and an expansion channel with 5 outlets which is used for 
collection of different-size microparticles (Figure 2a). The front part of the channel is a stacked structure 
composed of a straight channel (AR=0.2) and 50 arc-shaped grooves. For the straight channel, the cross-section 
is a 200 × 40 µm (width (W) × height (h)) rectangular. 50 grooves are arranged with 50 µm spacing (𝐻s) on the 
top of the straight channel. The groove (shown as Figure 2b) is arc-shaped with a small curvature of 600 µm (𝑅1) 
and a large curvature of 650 µm (𝑅2). And the height of the groove structure (𝐻g) is 38 µm. Figure 2c is the 
optical microscopic image of a segment of the channel with groove structures captured by the CCD camera. The 
details of the fabrication of this microchannel can be found elsewhere (Yan et al. 2014). 
3.2 Preparation of particles 
The commercial fluorescent polystyrene microparticles were purchased from Thermo Fisher Scientific. The 13 
µm (CAT. NO. 36-4, 16%CV) and 3.2 µm particles (CAT. NO. R0300, 5%CV) are red fluorescent, while the 
9.9 µm (CAT. NO. G1000, 5%CV) and 4.8 µm particles (CAT. NO. G0500, 5%CV) are green fluorescent. 
Microparticles were suspended in deionized (DI) water and 0.1% w/v Tween 20 (Sigma-Aldrich, Product NO. 
P9416) was also added and stirred well to prevent the particle aggregation and adhesion to the channel walls.  
3.3 Experiment setup 
The microfluidic device was placed on an inverted microscope (CKX41, Olympus, Japan). Particle suspensions 
were injected into the microchannel by a syringe pump (Legato 100, Kd Scientific) at different flow rates. And a 
mercury arc lamp was used to illuminate the particle trajectories within the channel for the observation and 
recording. A CCD camera (Optimos, Q-imaging, Australia) was used to capture the fluorescent images at a 20 
ms exposure time. All images were then processed using the image processing software (Q-Capture Pro 7, Q-
imaging, Australia). And these images were obtained by stacking 50 consecutive frames in order to analyse the 
particle distribution.  
3.4 Numerical simulation 
In order to analyse and explain the mechanism of this filtration method, a numerical simulation of flow field was 
conducted by the finite element software (COMSOL Multi-physics 5.1, Burlington, MA). A 3D model of the 
straight channel (AR=0.2) with a single characteristic arc-shaped groove structure was built in COMSOL. The 
steady laminar flow physics was selected due to the low Reynolds number of the microfluidic system. The 
boundary condition was set as no slip on the channel walls and the physical property of fluid was chosen as 
incompressible flow. The order of finite element was set to P1+P1, the default setting of COMSOL 
Multiphysics. And the component was meshed by the free tetrahedral mesh at the default finer level (1488007 
elements in total) to ensure the accuracy of numerical results. At the inlet, the velocity of flow was set as 2.083 
m/s (the corresponding flow rate and Reynolds number were 1000 µl/min and 145.83 respectively), and the 
relative pressure was set as 0 Pa at the outlet. The equations to govern steady incompressible flow are as below: 
N-S equation: 
 𝜌𝚏?⃗?𝚏 · 𝛻?⃗?𝚏 = −∇𝑃 + 𝜇∇2?⃗?𝚏 (6) 
Continuity equation: 
 ∇ · ?⃗?𝚏 = 0 (7) 
Non-slip boundary condition: 
 ?⃗?w = 0�⃗  (8) 
where ?⃗?𝚏 is the velocity vector and 𝑃 is the pressure of flow field, respectively; ?⃗?w is the fluid velocity vector at 














4 Results and discussion 
4.1 Effects of the flow rate and particle size 
Figure 3a shows the microscopic images of different-size particle trajectory patterns at different flow rates 
within the microchannel. In this series of experiments, four different-size particles with the diameter of 3.2 µm, 
4.8 µm, 9.9 µm and 13 µm were employed to investigate the effects of particle size on focusing performance in 
the microchannel. And the result is critical for the following particle separation and filtration performance. The 
particle suspensions were injected into the microchannel through the syringe pump, and the concentration of 3.2 
µm, 4.8 µm, 9.9 µm and 13 µm particle suspensions were 5×105 counts/ml, 5×105 counts/ml, 105 counts/ml and 
105 counts/ml respectively. The input flow rate of this series of experiments was increased from 400 µl/min to 
1400 µl/min (the corresponding Reynolds number is from 58.332 to 204.162). First, it was observed that the 
particle focusing results were different between large particles (9.9 µm and 13 µm in diameter) and small 
particles (3.2 µm and 4.8 µm in diameter), which agreed well with the proposed focusing theory. The small 
particles were prone to be concentrated near the middle of the channel, while the large particles tended to be 
focused to one side of the channel. From the normalized intensity profiles of large particles (9.9 µm and 13 µm) 
at different flow rates (Figure 3b), it was found that particles were pushed to one side of the channel and 
concentrated at one equilibrium position. Meanwhile, the focusing performance was improved when the flow 
rate increased from 400 µl/min to 1200 µl/min. The reason is that a higher flow rate could induce a stronger 
secondary flow within the channel so that the particles guided by the secondary flow drag force were able to be 
concentrated more quickly and efficiently. The focusing performance, however, was gradually worse as the flow 
rate exceeded 1200 µl/min. This may be explained by the fact that the violent interaction between particles 
destroyed the stabilized focusing patterns when a stronger drag force exerting on particles in a small region. On 
the other hand, from the normalized intensity profiles of small particles (3.2 µm and 4.8 µm) at different flow 
rates (Figure 3b), the small particle focusing performance was insensitive with the increase of the flow rate 
compared with the large particles. The small particles could be concentrated well at a wide range of the flow 
rate from 600 µl/min to 1400 µl/min. However, the small particles were also found to be trapped into the groove 
structure due to the small size, and a small proportion of them were still not able to be focused at the end of the 
channel. 
In order to analyse and evaluate the particle trajectory pattern and focusing performance quantitatively, the 
particle focusing band was measured as the length between two points where the intensity crossed 50% 
threshold in the normalized intensity profile. And if the measured focusing band width is less than 2 times the 
diameter of the particle, it could be recognized as a successful particle focusing (Martel and Toner 2012). The 
different-size particle focusing patterns at the flow rate of 1000 µl/min were chosen to be assessed by this 
method, and we found that all the tested particles had a well-qualified focusing performance. As shown in the 
Figure 3b, the normalized intensity profile of the particle trajectory patterns demonstrated that different-size 
particles could be focused well at the flow rate of 1000 µl/min, as the measured focusing bands were all smaller 
than 2 times the diameters of particles. In the normalized intensity profile of 3.2 µm particles, however, it should 
be noted that the fluorescent intensities measured were not all concentrated near the equilibrium position within 
the channel, which should not be ignored compared with other particles. The drag force and inertial lift force 
exerting on 3.2 µm particles could be not strong enough to reach a stabilized condition and particles with small 
size might have a high possibility to be trapped into the groove structure even at the equilibrium position. 
Therefore, a number of 3.2 µm particles still dispersed randomly within the channel and cannot be concentrated. 
In summary, the experimental results agreed well with the proposed theory, but the particle size was found to be 
a very important factor for the focusing efficiency. Large particles (13 µm and 9.9 µm) were focused well in this 
channel, while the focusing performance of small particles was affected severely by the particle size. 
4.2 Effects of the particle concentration 
The concentration of particle suspensions was one of the influence factors to the separation and filtration 
throughput. Under the same condition, increasing the concentration of particle is an effective method to achieve 
a high-throughput yield. However, the higher particle concentration may influence the particle focusing 
performance as well. Therefore, we conducted a series of experiments on 9.9 µm particle suspensions with three 
different concentrations (105 counts/ml, 5×105 counts/ml and 106 counts/ml respectively). The flow rate was 
increased from 200 µl/min to 1400 µl/min. The microscopic fluorescent images (Figure 4a) were the particle 
trajectory patterns of suspensions with different concentrations captured at the same segment of the channel. 
Through the comparison of corresponding normalized intensity profile (Figure 4b), it can be found that as the 
particle suspensions concentration increased, the particle focusing band gradually became wider. The focusing 
performance and position, however, were nearly the same on the same flow condition. The reason of the wider 
particle focusing band can be explained that larger quantities of particles were travelling within the channel and 
concentrated at the equilibrium position in order that more intensive interaction between particles was induced. 
To evaluate the focusing performance quantitatively, the focusing band width of three different concentration 
particle suspensions at the flow rate of 1000 µl/min was measured by the assessment method mentioned above. 
Shown as the Figure 4b, except the measured focusing band width of 105 counts/ml particle suspensions, another 
two focusing band width were both larger than 2 times the diameter of the particle (20 µm), which indicates the 
deterioration of the focusing quality of 9.9 µm particles with higher concentration. This is not beneficial for 
single stream particle focusing. However, for particle separation and filtration, the particle focusing performance 
and distribution of 5×105 counts/ml and 106 counts/ml particle suspensions are still qualified because there is 
significant distance between the different-size particle focusing bands. Therefore, the focusing position and band 
width are the key factors for the success of particle separation and the increase of particle concentration could be 
an effective approach to improve the throughput yield.  
4.3 Particle separation by size within a wide flow rate 
To evaluate the separation performance of this method, the particle suspensions containing 13 µm particles 
(8×104 counts/ml) and 4.8 µm particles (106 counts/ml) were injected into the channel with arc-shaped groove 
arrays. The input flow rates were set as 400 µl/min, 600 µl/min, 800 µl/min, 1000 µl/min and 1200 µl/min to 
investigate the optimal flow rate range for particle separation. As shown in Figure 5, the microscopic images at 
the segment with arc-shaped groove arrays show that 13 µm (red) and 4.8 µm particles (green) was successfully 
separated at the flow rates of 600 µl/min, 800 µl/min, 1000 µl/min and 1200 µl/min. And the images at 
expansion part with 5 outlets show that a majority of 13 µm particles could be collected from the outlet i and 
very few 13 µm particles entered the outlet ii within this flow rate range. Meanwhile, 4.8 µm particles trajectory 
patterns at the outlets did not change much from the flow rate 400 µl/min to 1200 µl/min. Most of them flowed 
into the outlet iv, while few 4.8 µm particles were dispersed randomly within the channel and flowed into other 
outlets. Through the statistical calculation of the data collected, we calculated the purity and recovery rate of 13 
and 4.8µm particles (Jin et al. 2014; Loutherback et al. 2012; Zhou et al. 2013). The purity of 4.8 µm particle 
was >99.9% and recovery rate was ~80%. On the other hand, the recovery rate of 13 µm particle was >99.9% 
and the purity was ~35%. The data were collected at different flow rates within the flow rate range to confirm 
the critical value.  
5 Conclusions 
A flow rate-insensitive size-based microparticle separation and filtration method has been studied in this work 
by using a straight channel with arc-shaped groove arrays. In this method, different-size particles can be focused 
differentially at the distinct equilibrium positions, and the focusing performance is insensitive with the change 
of flow rate. Through the simulation analysis of flow field within the channel cross-sections, it can be found that 
a secondary flow is induced by the arc-shaped groove structure and guides the randomly distributed particles to 
new equilibrium positions, which large particles are pushed to one side of the channel and small particles are 
concentrated near the middle of the channel. Meanwhile, the focusing quality is improved with the increase of 
particle size, and particle focusing position and quality is not very sensitive to the flow rate within the tested 
flow rate range. According to these, particle suspensions containing 13 µm and 4.8 µm particles were 
successfully separated using this channel, and a qualified efficiency of separation could be achieved at a wide 
range of flow rates (600 µl/min to 1200 µl/min). In conclusion, this research provides an innovative particle 
separation and filtration method with a wide working flow rate range and could work as a reliable biosample 
pre-treatment for downstream analysis. 
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Fig. 1 Finite element analysis of flow field at modulated Reynolds number calculated by COMSOL Multi-physics 5.1. The 3D model 
of a segment with one characteristic arc-shaped groove structure of the microchannel was divided by five cross-sections to investigate the 
variation of flow field. (a-e) These five simulation results are depicted by the combination of the velocity arrow plot and pressure contour 
plot. The velocity arrow plot shows the velocity direction within cross-sections and the size of arrow is proportional to the magnitude of the 
flow velocity. The pressure contour plot, meanwhile, shows the variation of pressure induced by the groove structure, which generates and 
drives a rotational secondary flow within cross-sections. With the simulated flow filed, different-size particle migrations are expected. (i-v) 
are the corresponding colour bars of (a-e), and the units is Pa.  
 
Fig. 2 (a) A schematic drawing of the microchannel (not to scale) used in this work. (b) Zoom in the characteristic arc-shaped groove 
structure and the characteristic dimensions of it. (c) A optical image of the arc-shaped groove structure captured by the CCD camera.  
 
Fig. 3 (a) Optical microscopic images captured by the CCD camera of different-size particle trajectory patterns. The particle sizes were 3.2 
µm, 4.8 µm, 9.9 µm and 13 µm respectively.  The flow rates applied were 400 µl/min, 600 µl/min, 800 µl/min, 1000 µl/min, 1200 µl/min 
and 1400 µl/min (the corresponding Reynolds numbers were 58.332, 87.488, 116.664, 145.83, 174.996 and 204.162). (b) The normalized 
intensity profile of different-size particle trajectory patterns at 1000 µl/min and the comparisons from 400 µl/min to 1400 µl/min. (i) The 3.2 
µm particle’s; (ii) The 4.8 µm particle’s; (iii) The 9.9 µm particle’s; (iv) The 13 µm particle’s. 
 
Fig. 4 (a) Optical microscopic images captured by the CCD camera of the 9.9 µm particle trajectory patterns of different concentration 
suspensions. The concentrations of 9.9 µm particle are (i) 105 counts/ml, (ii) 5×105 counts/ml and (iii) 106 counts/ml respectively, and the 
flow rates applied were 200 µl/min, 400 µl/min, 600 µl/min, 800 µl/min, 1000 µl/min, 1200 µl/min and 1400 µl/min (the corresponding 
Reynolds numbers were 29.166, 58.332, 87.488, 116.664, 145.83, 174.996 and 204.162). (b) The normalized intensity profile of 9.9 µm 
particle trajectory patterns of different concentration particle suspensions at 1000 µl/min and the comparison from 200 µl/min to 1400 






















Fig. 5 Separation (filtration) of 13 and 4.8 µm particles. The applied flow rates were 400 µl/min, 600 µl/min, 800 µl/min, 1000 µl/min 
and 1200 µl/min (the corresponding Reynolds numbers were 58.332, 87.488, 116.664, 145.83 and 174.996). And the optical microscopic 
fluorescent images of particle trajectory patterns were captured at the segment with arc-shaped groove arrays and expansion channel with 5 
outlets.  13 µm particles were red fluorescent and 4.8 µm particles were green fluorescent. 
 
